Abstract In a previous study a genetic map had been developed using a RIL population derived from a cross between the Pisum sativum ssp. syriacum accession P665 and the P. sativum ssp. sativum cv. Messire. This population segregated for several agricultural important traits and was successfully used to identify QTLs (Quantitative Trait Loci) controlling resistance to Mycosphaerella pinodes and Orobanche crenata, earliness, root length and aerial biomass. However, this map contained only a few markers in common with the international pea consensus map, hampering comparison with other pea maps. The objective of this study was to incorporate a set of common transferable and reproducible markers into the P665 9 Messire map to favour comparative mapping and QTL validation. Seventy-eight out of the 248 SSRs assayed resulted polymorphic in the parental lines. Thirty-eight of them, uniformly distributed all over the genome, were genotyped in the whole population and included in the map. This SSR enriched map allowed identification of six new QTLs (three for resistance to M. pinodes, two for resistance to broomrape and one for root length). Inclusion of the SSRs confirmed the homology of some of the QTLs identified in the population P665 9 Messire with other QTLs associated with related traits in different pea genetic backgrounds.
Introduction
Legumes are a versatile and inexpensive source of protein for human food and animal feed. In addition, legumes provide numerous environmental benefits that could contribute to the sustainability of agriculture as they are able to symbiotically fix atmospheric nitrogen, improving soil fertility and decreasing N fertilizers needs (Köpje and Nemecek 2010) . Dry pea (Pisum sativum L.) is the most widely grown grain legume in Europe and the fourth most in the world (FAO 2010) and one of the most productive. However, the instability of pea yields, caused mainly by the occurrence of diseases, hampers the expansion of this crop. Crenata broomrape (Orobanche crenata Forks) is a root holoparasitic weed that causes important damages all over Mediterranean Basin and Middle East (Rubiales et al. 2003a (Rubiales et al. , 2009a . Aschochyta blight, caused by Mycosphaerella pinodes (Berk and Blox) Vesterg, the teleomorph of Ascochyta pinodes (Berk and Blox) Jones, is widespread throughout the major pea growing areas (Wallen 1965; Lawyer 1984) , especially in temperate regions of Europe, North America, Australia and New Zealand (Lawyer 1984) . It constitutes the major constraint for the crop after broomrape in the Mediterranean basin (Rubiales et al. 2009a; Rubiales and Fondevilla 2010) . This disease causes 10% yield losses as an average and can reach 50% under some conditions (Xue et al. 1997) . The use of resistant varieties would be the most efficient, economical and ecologically strategy to control these diseases. However, little resistance to O. crenata or M. pinodes is available in pea varieties.
Complete resistance to O. crenata or M. pinodes has not been identified so far. Although extensive searches have been carried out, only moderate levels of resistance has been reported in the cultivated pea which has been inadequate to control these diseases. Higher levels of resistance have been identified in wild species of Pisum (Clulow et al. 1991; Wroth 1998; Fondevilla et al. 2005; Rubiales et al. 2005 ), but their use in breeding programs is hampered by the polygenic nature of resistance.
The identification of the genes controlling resistance to these diseases in these wild resistant accessions would facilitate their introgression into pea varieties but these genes are difficult to identify by traditional approaches. The development of genetic maps and Quantitative Trait Loci (QTL) analyses was a major breakthrough in the characterization of quantitative traits, enabling the identification of associated genomic regions and their contribution to the phenotypic variation. In addition, the mapping of QTLs is a useful tool to identify molecular markers linked to the resistance genes that could be used to assist breeding.
In a previous study (Fondevilla et al. 2008 ) a genetic map was developed using a RIL population derived from a cross between the Pisum sativum ssp.
syriacum accession P665 and the P. sativum ssp. sativum cv. Messire. This population segregated for several agricultural important traits and was successfully used to identify QTLs controlling resistance to M. pinodes and O. crenata, earliness, root length and aerial biomass (Fondevilla et al. 2008 .
QTLs detected in one particular environment or population may be useful for a specific condition or cross. However, the most promising QTLs are those that are stable in different environments and genetic backgrounds. QTLs identified in P665 9 Messire map were validated under different developmental stages and environmental conditions (Fondevilla et al. 2008 . Furthermore, a preliminary comparison between P665 9 Messire map and other reported pea maps, thanks to the mapping of a few anchored markers, suggested that some of the QTLs identified in P665 9 Messire may coincide with other QTLs described in other P. sativum backgrounds for related traits (Fondevilla et al. 2008 . However, to confirm the identity or novelty of the QTLs described in this population, and thus, their validation in different genetic backgrounds, further saturation of these regions with additional common markers was required.
Therefore, the objective of this study was to incorporate a set of common transferable and reproducible markers into the P665 9 Messire map, to favour comparative mapping and QTL validation.
Materials and methods

Plant material
The population used in the study consisted of 111 F 6:7 RILs (recombinant inbred lines) derived by single seed descendent method from a cross between P. sativum ssp. syriacum accession P665 and P. sativum ssp. sativum cv. 'Messire'. P665 is a late flowering wild pea accession that shows incomplete resistance to M. pinodes and O. crenata while Messire is a medium flowering pea cultivar highly susceptible to both diseases.
Simple sequence repeat (SSR) markers analysis
The same DNA used to develop the previous P665 9 Messire map was used for the SSR analysis (Fondevilla et al. 2008 ).
248 SSRs reported by Loridon et al. (2005) were surveyed in the parental lines. Out of them, 38 were selected and analysed in the RIL population. PCR reaction mix and amplification conditions were as described in Loridon et al. (2005) . Electrophoresis was performed in a 2% agarose with Tris-borate EDTA Buffer gels for 3 h at 90 V. Ethidium bromide-stained gels were visualized on an ultraviolet light transilluminator and photographed.
Quantitative traits
The following quantitative traits had been previously scored in the RIL population:
-Resistance to M. pinodes under controlled conditions (DRseedl): Disease under controlled environmental conditions was assessed at the seedling stage 7 days after inoculation using a 0-5 scale defined by Roger and Tivoli (1996) . For each plant, the average disease rating was calculated as the mean disease score over the first, second and third leaves. -Resistance to M. pinodes under field conditions:
The RIL population and the parental lines were screened for resistance to M. pinodes during two seasons (2004-2005 and 2005-2006) in experimental plots located at Cordoba, Spain. Evaluation was performed in April at the end of the crop cycle. Disease rating on the leaves (leaflets and stipules; DRl) and stems (DRst) was scored separately using the 0-5 scale described by Roger and Tivoli (1996) . The average disease rating for each organ was visually estimated in the first ten nodes of five plants situated in the middle of each row. Disease severity (DS) was also assessed in the same plants as the percentage of the whole plant area covered by symptoms. -Resistance to O. crenata 'in vitro': Several developmental stages of the parasite were assessed in the RIL population using a Petri dish method (Rubiales et al. 2003b ). Percentage of O. crenata seed germination (G) was calculated 25 days after seed transplantation scoring 300 O. crenata seeds using a stereoscopic microscope. About 30 days after transplanting, the number of tubercles per root length (NoT) was measured by counting the total number of tubercles and the total root length per Petri dish (RL). At the same time, the tubercle developmental stage (TD) was recorded using a 1-4 scale where 1 = most tubercles only visible by microscope; 2 = most tubercles visible with the naked eye but smaller than 3 mm; 3 = tubercles bigger than 3 mm without anchoring root crown formation; 4 = tubercles bigger than 3 mm with crown-root and frequently with initial shoot. -Resistance to O. crenata under field conditions:
Parental lines and the F 6:7 RILs were screened for resistance to O. crenata during 2 seasons (2003-2004 and 2004-2005) A complete description of these traits, as well as the results of their assessment in the RIL population and parental lines can be found in Fondevilla et al. (2008; .
Map construction
The new SSR markers were included in the original RIL dataset and the linkage map was developed using the approach described in Fondevilla et al. (2008) .
Thus, the genetic map was constructed using the software MAPMAKER ver. 2.0 (Lander et al. 1987 ) with a LOD value of 5 and recombination fraction \0.30 as thresholds for considering significant linkage. Recombination fractions were converted to centiMorgans (cM) using the Kosambi mapping function (Kosambi 1994 ).
QTL analysis
QTLs analyses for resistance to M. pinodes, O. crenata, earliness and architectural traits were redone based on the new mapping data and using composite interval mapping (Zeng 1994) as implemented in Windows QTL Cartographer ver. 2.5 (Wang et al. 2005 ). Markers to be used as cofactors were selected by forwardbackward stepwise regression. Genome-wide threshold values (P \ 0.05) for declaring the presence of a QTL were estimated from 1000 permutations of each trait (Churchill and Doerge 1994) . One-and two-LOD support intervals for the position of each QTL were calculated as described by Lander and Botstein (1989) .
Results
Linkage map
Of the 248 SSRs markers analysed, 78 showed polymorphism between the parental lines. Thirty-eight (those expected to be located in the same regions as the QTLs previously identified in P665 9 Messire map, according to other pea maps, and some additional ones selected for being uniformly distributed all over the genome) were genotyped in the whole population.
All 38 additional SSR markers were successfully mapped. The inclusion of the SSR markers resulted in a map containing 282 markers (Fig. 1) . Two RAPD markers mapped previously on a distal part of LGII (OPAH17_517) and LGIII (OPM6_598) were discarded because their positions could not be determined unambiguously after inclusion of the additional SSR markers. The new map covered 1188.58 cM with an average inter-marker distance of 5.25 cM and contained the same nine LG as the previous map (Fondevilla et al. 2008) .
The inclusion of the SSR marker AA219_400 on the previous LGA allowed the assignment of that group to chromosome IV. Therefore, LGA was renamed as LGIVa and the previous LGIV to LGIVb.
All SSR markers mapped in the expected LG location as reported by Loridon et al. (2005) except for AA321 and two PCR products that were amplified using the primers AB40 (AB40_301 and AB40_508). In addition, on LGII, SSR markers AA205 and AA504 as well as AB33 and D23 displayed and inverted order compared to that of Loridon et al. (2005) .
QTL analysis
Out of 36 QTLs reported before by Fondevilla et al. (2008 Fondevilla et al. ( , 2010 , the positions of 31 of them were confirmed in the present study (Table 1 ). The estimated LOD values increased for 19 of them (0.08-4.45 units), while for 12 QTLs decreased (0.15-1.31 units).
In contrast, five of the previous QTLs were undetected using the new map. Those were MpIII.1_DS_05, MpIII.1_DRst_06 and MpIII.2_DRst_05, associated with resistance to M. pinodes under field conditions, b3 associated with 'Aerial plant biomass' and n o t3 associated with 'Number of O. crenata tubercles per root length'.
In addition, the inclusion of additional markers allowed the identification of six previously undetected QTLs. Of them three were associated with resistance to M. pinodes under field conditions (MpIII.2_DRl_05, MpIII.1_DRst_05 and MpVI.1_DS_05), one with the 'Number of emerged broomrape shoots per pea plant' under field conditions (n o br04_2), one with a slower development of O. crenata tubercles in vitro (td3) and one with 'Root length' (rl3). These QTLs explained around 10% of the phenotypic variation observed for their respective traits.
As a result, the total number of QTLs detected in this study was 37. Genomic position, additive effects and LOD score of the QTLs identified after the new QTL analysis are shown in Table 1 .
Discussion
In this study a set of 38 SSR markers described by Loridon et al. (2005) were included in the P665 9 Messire map, allowing its comparison with other pea maps (Prioul et al. 2004; Burstin et al. 2007 ). This comparison identified common genomic regions controlling resistance to M. pinodes, earliness and architectural traits in different pea genetic backgrounds. In addition, the saturation of the P665 9 Messire map with these SSR markers allowed the identification of new QTLs and provided robust markers useful for marker assisted selection. Fig. 1 Pea genetic linkage map constructed from a population formed by 111 F 6:7 recombinant inbred lines (RILs) derived from the cross between the P. sativum ssp. syriacum accession P665 and the P. sativum ssp. sativum cv. Messire (Fondevilla et al. 2008 . Bar positions indicate locations of quantitative trati loci: outer and inner interval corresponding to 1-LOD and 2-LOD support interval are indicated as a full box and a single line, respectively. Thirthy-eight newly added SSR markers are shown in bold. New QTLs detected in this study are shown in bold Except for SSRs AA321 and AB40, the remaining SSR markers analysed mapped in the expected LG location according to Loridon et al. (2005) . In the case of AA321, the DNA amplification performed in our parental lines did not result in a 134 pb band as described by Loridon et al. (2005) but in two bands: one of 273 pb in Messire and another band of 223 pb in P665. With regard to AB40, Loridon et al. (2005) reported two polymorphisms (one of 715 pb located in LGV and another of 124 pb ascribed to LGII). A product of around 715 pb was also amplified in our parental lines but it could not be scored in the progeny because it revealed a weak and inconsistent pattern, only visible in a few RIL families. The amplification of this SSR, however, yielded a robust marker based on two clear polymorphism (301 and 508 pb) that were successfully scored and integrated in our map. The marker AB40_508 mapped in LGII as the band reported by Loridon et al. (2005) but in the opposite distal part of the LG and AB40_301 was assigned to LGI. Results suggest that the primers for AA321 and AB40 reported by Loridon et al. (2005) are able to amplify more than one locus and that the loci genotyped in our inbred population are different to those amplified by these authors.
On the other hand, SSRs AA205 and AA504 mapped, as expected, in LGII although appeared inverted compared to Loridon et al. (2005) . The authors had already reported that the segment between E12_490 and AA504 on LGII appeared inverted in one of the population they studied (Pop2), compared to the other two (Pop1 and 3).
Another case of reversed order implied markers AB33 and D23 located on LGII. Both markers mapped closely together on both maps (2 cM/Haldane on Loridon's map and 3.35 cM/Kosambi in this study), as a result, their relative order could not be determined accurately.
Out of 36 QTLs reported by Fondevilla et al. (2008 Fondevilla et al. ( , 2010 , the positions of 31 of them were confirmed after the inclusion of 38 additional SSR markers, reinforcing the stability of these QTLs. In contrast, five QTLs previously reported (MpIII.1_DS_05, MpIII.1_DRst_06, MpIII.2_DRst_05, b3 and n o t3) were not detected in the new map. That was due to the rearrangement of the LGs after the inclusion of the new SSRs that resulted in a decrease of the corresponding LOD values that did not reach the critical threshold for declaring them as significant QTLs.
QTLs MpIII.1_DS_05 and MpIII.1_DRst_06 were located in the distal part of LGIII (Fondevilla et al. 2008 ) and this region changed substantially after the addition of five additional SSRs (AB64, A6, AB141, Psblox2, AD270) and the exclusion of the RAPD OPM6_598. As a consequence, the LOD of MpIII.1_DS_05 decreased from 4.28 to 1.53 and the LOD of MpIII.1_DRst_06 changed from 3.15 to 2.80 and these QTLs did not reach the required LOD. Despite the loss of these two QTLs, the position of another QTL located in the same region and associated with resistance to M. pinodes (MpIII.1_Drseedl) was confirmed in the new map (Table 1 ). In addition, a new QTL associated too with resistance to this pathogen (MpIII.1_DRst_05), was revealed in LGIII, thus confirming the involvement of this genomic area in the control of resistance to M. pinodes.
Similarly, in the case of MpIII.2_DRst_05, the inclusion of two SSR markers (AD174, AA5) in the QTL vicinity determined a decrease in the LOD value from 4.30 to 2.86, while the LOD threshold set by permutations was of 3.19. However, in this region, the presence of the QTL MpIII.2_DRseedl was confirmed and a new QTL for resistance to M. pinodes MpIII.2_DRl_05 was identified.
In the case of the QTL b3, associated with 'Aerial plant biomass' and previously detected between loci OPAB1_766 and OPN11_267 in LGI with LOD of 3.86, by inclusion of an additional SSR marker (AB40_301), remained undetected. Most probably, the QTL effect detected previously was an artifact caused by the strong signal of the 'real' QTL b2 mapped in the nearby interval.
The insertion of AA205 in the surrounding area of QTL n o t3 (3.03) in LGII, associated with 'Number of O. crenata tubercles per root length', revealed a new LOD (2.65 v.s. the previous 3.03). Again the value was slightly insufficient to declare the presence of a QTL (2.96). This fact, together with the low proportion of the phenotypic variation explained by QTL n o t3 (0.08), points at the uncertain involvement of this region in the resistance to O. crenata.
The inclusion of the 36 SSR that mapped in their expected position allowed the comparison between the QTLs identified in the P665 9 Messire (Fondevilla et al. 2008 , and those of related traits reported by other authors in different genetic backgrounds (Table 2 ).
In the case of resistance to M. pinodes the mapping of the common markers AB64, AA175 and AD174 confirmed that three QTLs, MpIII.1, MpIII.3 and MpIII.2, identified in P665 9 Messire for different M. pinodes resistance traits correspond respectively with the QTLs mpIII-1, mpIII-3 and mpIII-5 reported by Prioul et al. (2004) in the DP x JI296 pea population. In addition, our results verified that the QTL MpV.1 do not correspond to mpVa-1 reported by Prioul et al. (2004) in the cross DP 9 JI296. Thus, MpV.1 mapped near AA399, while mpVa-1 mapped close to AA163, a SSR marker far from AA399 in the map developed by Loridon et al. (2005) .
Our results also indicates that QTLs identified in P665 9 Messire for earliness could correspond to other QTLs reported for the same trait by Prioul et al. (2004) and Burstin et al. (2007) . Thus, dfIII.2, identified in P665 9 Messire, was near the marker AA175, as the QTL flo2 associated with flowering date in the population DP 9 JI296 (Prioul et al. 2004 ). In the same genomic region is also located the 'Hr' gene for 'high response to photoperiod' reported by Blixt (1974) . In addition, dfIII.1 (P665 9 Messire) is located in the same genomic region of LGIII as QTLs associated with flowering date reported by Burstin et al. (2007) (cross Térèse' 9 K586), being AB64 and A6 the common markers. In contrast, the mapping of the SSR marker AB33 confirms the lack of homology between the QTL dfII.1 (P665 9 Messire) and the QTL for earliness flo1 (Prioul et al. 2004) , both in LGII, as AB33 is a flanking marker of flo1 but beyond the support interval of dfII.1.
Plant aerial biomass is related with the traits 'Plant height', 'Number of basal branches', 'Plant biomass at beginning of seed feeling' and 'Straw biomass at harvesting', scored by Burstin et al. (2007) in the cross Térèse' 9 K586. The mapping of AB64 marker in P665 9 Messire map, also mapped in the cross Térèse' 9 K586 map, points to a common genomic region controlling these traits in LGIII. Thus, AB64 was the flanking marker of QTL b1, associated with aerial plant biomass in our cross, as it was of QTLs identified by Burstin et al. (2007) for: 'Plant height', 'Number of basal branches', 'Plant biomass at beginning of seed feeling' and 'Straw biomass at harvesting' in the cross Térèse' 9 K586. In the same distal part of LGIII, next to AB64 was also reported QTL ht2 (Prioul et al. 2004) , associated with plant height and the Le gene (Loridon et al. 2005) controlling internodes length, a trait that could be also correlated with plant biomass. In addition, the mapping of the SSR marker D21 confirms that the QTL b4, also controlling plant aerial biomass, is in Burstin et al. (2007) for the above mentioned related traits. Previous maps used to identify QTLs associated with resistance to M. pinodes, earliness and architectural traits (Loridon et al. 2005; Burstin et al. 2007) were performed in P. sativum ssp. sativum, while in our study we have identified QTLs associated with these traits in P. sativum ssp. syriacum. Therefore, our results confirm that some of the genomic regions controlling resistance to M. pinodes, earliness and architectural traits in P. sativum ssp. syriacum are common with loci controlling these traits in P. sativum ssp. sativum. The remaining QTLs identified in our cross and not reported previously in P. sativum ssp. sativum might be specific P. sativum ssp. syriacum.
Molecular markers flanking QTLs in the previous P665 9 Messire were mostly RAPDs (Random amplified polymorphic DNA). RAPDs are simple, rapid and inexpensive markers that can be used for analyzing large number of samples. However, RAPD markers are sensitive to modifications in PCR reaction conditions resulting in poor reproducibility (Zhang and Stommel 2001) . This poor reproducibility and the presence of similar sized interfering fragments make RAPDs unsuitable for comparative mapping.
SSR markers are locus-specific, easier to score due to the absence of similar sized interfering fragment, less sensitive to reaction conditions and more reproducible. Therefore, SSR markers are more suitable than RAPDs for MAS (marker assisted selection) and comparative mapping. Through the inclusion of SSR located in the same region as the QTLs previously identified in the P665 9 Messire map, this study provides robust markers suitable for the selection of the traits associated with these QTLs (resistance to M. pinodes and broomrape, earliness, root length and aerial plant biomass) ( Table 1) . Thus the SSR marker AA175 can be used as a reliable marker to detect QTLs MpIII.3, dfIII.2 and rl3, A6 could be used to identify MpIII.1, AA315 for MpIV.1, AC74 for n8br04-1, AB64 for b1 and AA219 to detect td2.
In conclusion, the present study identified common genomic regions controlling resistance to M. pinodes, earliness and architectural traits in different pea genetic backgrounds and provide robust marker for their detection.
